Prostate cancer is the second cause of cancer-related death in men of the Western World. The role of FGFR3 and its abnormalities in prostate cancer are not known. FGFR3 mutations have been reported in some human tumors. Few studies have analyzed the mutations of FGFR3 in prostate tumors, and no mutations have been previously reported. Prevalence of FGFR3 somatic mutations was investigated in a series of prostate tumors. The presence of other tumors in these patients, including urothelial, skin, colon, and lung neoplasms, was recorded. Mutational analysis of exons 7, 10, and 15 of FGFR3 revealed 9 mutations in the 112 prostate tumors studied (8%). Most of them consisted of the missense change S249C. The prevalence of mutations in tumors with combined Gleason score ¼ 6 is 18% (8/45) compared to 3% (1/36) for tumors with grade ¼ 7, and 0% (0/31) for those with grade Z8 and metastases (P ¼ 0.007). The frequency of FGFR3 mutations in autopsy and biopsy samples was 6 and 9%, respectively. The prevalence of FGFR3 mutations in prostate tumors from patients with only prostate cancer was 2% compared to 23% in prostate tumors from patients with other associated neoplasms (P ¼ 0.001). This is the first report of molecular changes of FGFR3 in prostate cancer. This gene does not seem to be central to the pathogenesis of prostate cancer, but it is significantly associated with a subgroup of low-grade prostate tumors, and with the finding of other tumors, mainly arising in bladder and skin.
Prostate cancer is the second most common cause of cancer-related death in men of the Western World, and its incidence is increasing. 1, 2 The family of fibroblast growth factors (FGFs) and their receptors are important in prostate organogenesis, 3, 4 and FGFR-MEK-ERK signaling is an integral part of prostate bud induction. 5 The signaling pathways of FGFs also play prominent roles in prostate biology by mediating stromal-epithelial interactions. 3 In the prostate, the aberrant signaling of FGFs is a strong factor in the disruption of tissue homeostasis, which, in turn, may contribute to prostate tumor development and progression. [6] [7] [8] FGFs 6, 8 , and 17 are overexpressed in human prostate cancer. In addition, FGF6 expression has also been found to be increased in prostatic intraepithelial neoplasia. [9] [10] [11] FGF-induced functions are mediated through high-affinity membrane receptor tyrosine kinases. FGF receptors (FGFR1-4) regulate diverse cellular processes, including cell growth, differentiation, and angiogenesis, and they differ in tissue expression, ligand specificity, signal pathway activation, and biological effects. 12, 13 There is a direct causal relationship between the activation of FGFR1 and the angiogenic switch. 14 In prostate tumors, a differential and changing expression of FGFRs has been observed. FGFR1 and/ or FGFR2 overexpression has been reported in prostate cancer in different papers. However, neither FGFR1 nor FGFR2 expression was found to be statistically related to clinical parameters. [15] [16] [17] Although the overexpression of FGFR1 protein is a common event in both early and late prostate cancer, FGFR4 is increasingly expressed in high-grade tumors. Increased FGFR4 immunoreactivity appears to be significantly associated with decreased patient survival, but not with metastasis. 17, 18 Alterations in FGF signaling regulators also have an impact on prostate tumorigenesis. In this regard, downregulation of Sprouty 1 and Sprouty 2 has been recently reported. [19] [20] [21] Although it seems that anomalous FGF signaling is involved in prostate carcinogenesis, the functional role of FGFR3 and its alterations in prostate cancer are not known. FGFR3 protein expression studies show heterogeneous expression levels in benign and malignant prostate epithelium. 17, 18 Gain-of-function mutations have been identified in different dominant autosomal human skeletal disorders such as hypochondroplasia, achondroplasia, and thanatophoric dysplasia. [22] [23] [24] FGFR3 mutations identical to those found in these disorders have been reported in multiple myelomas, cervix and bladder cancer, colon cancer, and benign skin tumors. [25] [26] [27] [28] [29] [30] [31] [32] [33] This gene constitutes a promising marker in the clinical management of patients with low-grade, non-muscle-invasive bladder tumors. 29 However, very few authors have analyzed the mutational status of the FGFR3 gene in prostate tumors. 26, 34 In this study, we have investigated the prevalence of FGFR3 somatic mutations, as well as the association with the presence of other concurrent neoplasms, in a large group of well-defined prostate tumors classified by combined Gleason score.
Materials and methods

Patients and Tumor Samples
A total of 112 prostate tumors, recruited retrospectively from the files of the Department of Pathology, Hospital del Mar, Barcelona, Spain, are the subject of this report. Of these cases, 85 were obtained from biopsy or surgical samples: 25 needle biopsy, 45 radical prostatectomy, and 15 cystoprostatectomy specimens; 18 were tumors found at autopsy, so-called latent tumors. In addition, one lymph node and eight bone metastases were included. To analyze the association of prostate cancer with other tumors, the samples were divided in two groups: a group (G1) with samples from patients with only prostate cancer (n ¼ 82) and a multiple tumor group (G2) made up of patients that, in addition to prostate cancer, had other tumors in different locations (n ¼ 30). The latter consisted of 18 patients with prostate and bladder tumors; 6 patients with prostate and skin tumors; 2 patients with prostate and colon cancer; 2 patients with prostate, bladder, and skin tumors; 1 patient with prostate and lung cancer; and 1 patient with prostate, bladder, and lung cancer. Among the patients with prostate and bladder cancer, with or without other associated tumors (n ¼ 21), 15 cases were obtained from cystoprostatectomy specimens and in the remaining 6 cases, prostate cancer samples were obtained from prostatectomy or needle biopsy and bladder tumor samples from transurethral biopsy specimens (Table 1) . Based on combined Gleason score, the prostate tumors were classified as grade ¼ 6 (n ¼ 45), grade ¼ 7 (n ¼ 36), and grade Z8 (n ¼ 22). Although no information on grade was available from the respective primary tumors, metastatic samples (n ¼ 9) were grouped together with Gleason score of Z8, assuming they belonged to an aggressive category. Of the samples, 99 were obtained from formalin-fixed paraffinembedded tumors (FFPE) and 13 samples from frozen tumors. In a subset of 16 cases with prostate and bladder cancer, three types of samples were collected: normal tissue, prostate tumor, and bladder tumor; in 15 of them, the normal and neoplastic prostate tissues was obtained from cystoprostatectomy specimens and in an additional case from needle biopsy. 
DNA Extraction
Standard H&E slides served as templates to select the tumor regions in homologous unstained slides. Areas containing a minimum amount of 450%, and usually 490%, tumor cells were manually microdissected from the corresponding sections of FFPE or frozen tissue sections. DNA was extracted from 2-3 consecutive 10 mm sections using the Dneasy Tissue Kit (Qiagen GmbH, Hilden, Germany). To avoid the risk of PCR contamination, genomic DNA was extracted in a facility where neither PCR reactions were performed nor PCR products handled. (5 min). PCR products were separated by electrophoresis and visualized with ethidium bromide. Samples without DNA templates were included in all assays as negative controls. PCR products were purified using the Qiagen PCR purification kit (Qiagen, Crawley, United Kingdom) according to the manufacturer's protocol.
FGFR3 Mutation Analysis
Mutation analysis was done by direct sequencing of purified PCR products using an ABIPRISM 377 instrument and the Big Dye Terminator Kit v.3.1 (Perkin Elmer Applied Biosystems). Each PCR product was sequenced in both forward and reverse directions with the same sets of primers. All sequence changes were confirmed as mutations with two independent rounds of PCR and direct sequencing. As quality control for 20% of wild-type cases, independent PCR products were amplified and sequenced to confirm the mutational results using DNA from the same tumor area. Ten superficial bladder (pTa) tumor samples were included in the mutational study as controls for the presence of mutations.
Statistical Analysis
Categorical variables are presented as frequencies and percentages. Fisher's exact test was used to compare categorical variables among groups. A P value of less than 0.05 was considered significant. Statistical analysis was performed using the SPSS statistical package version 12.0 (SPSS Inc., Chicago, IL, USA).
Results
FGFR3 Mutation Analysis
The study included 112 prostate tumors, classified according to the revised Gleason system as grade ¼ 6 (n ¼ 45), grade ¼ 7 (n ¼ 36), and grade Z8 (n ¼ 22). Nine metastatic cases were grouped with the combined Gleason score Z8 subset. The mutational analysis of exons 7, 10, and 15 of FGFR3 revealed 9 mutations in the 112 prostate cancer samples (8%). Table 2 summarizes the pathologic features of the mutated cases. The most common mutation was the missense S249C substitution, which was present in seven tumors, followed by A393E, which was found in two tumors.
Less than 3% of FGFR3 mutations in bladder tumors occur in exon 15, 35, 36 however in benign skin tumors such as seborrheic keratoses the prevalence of mutations in the exon 15 (hotspot 652) accounts to about 30% of the FGFR3 reported mutations. 37 To test the possibility of finding exon 15 mutations in prostate cancer we screened a subgroup of 53 tumors, classified as grade The F386L germline single nucleotide polymorphism (SNP) was detected in two samples (2%), both of them from radical prostatectomy tumors with a combined Gleason score ¼ 7 ( Table 2 ). The prevalence of this polymorphism in heterozygosity is about 1% (http://www.ncbi.nlm.nih.gov/SNP).
Distribution of the FGFR3 Mutations According to Combined Gleason Score
Of the 45 tumors classified as score ¼ 6, 8 (18%) and 1 (3%) of the 36 tumors classified as score ¼ 7 harbored a FGFR3 mutation. Mutations were not found in any of the score Z8 or the metastatic tumors ( Figure 1 ; Fisher's exact test, P ¼ 0.007). Taking all the cases with combined Gleason score Z7 and the metastases together, the percentage of mutations was 1.5% (1 of 67 cases), and the difference with combined Gleason score ¼ 6 cases was also statistically significant (Fisher's exact test, P ¼ 0.003).
Distribution of the FGFR3 Mutations According to Sample Origin
According to their origin, 85 cases were biopsy (needle biopsy, radical prostatectomy, or cystoprostatectomy tumors), 18 were tumors found at autopsy (latent tumors), and 9 samples were prostate cancer metastases. Eight mutations were found in the 85 biopsy samples (9%); we detected a S249C mutation in one of the 18 autopsy cases (6%) whereas none of the metastatic samples harbored FGFR3 mutations.
Relationship between FGFR3 Status and Biochemical Recurrence
Of the 81 patients with available PSA data, biochemical recurrence was detected in 19, whereas in the remaining 62 cases there was no sign of biochemical or clinical recurrence at last follow-up. Of the cases, 8 presented FGFR3 mutation and 73 were wild type. There was no association between the presence of FGFR3 mutations and biochemical recurrence. However, there was a significant association between combined Gleason score and biochemical recurrence, as about 70% of Gleason score Z8 and metastatic patients developed biochemical recurrence, whereas only 12% of Gleason score ¼ 6 and 10% of Gleason score ¼ 7 patients did recur (Fisher's exact test P ¼ 0.0001). These results are an indication that this series of patients was not biased and reflected the normal spectrum of the disease. When examining the possible association between specific mutations and biochemical recurrence, none of the six cases with the S249C mutation recurred, whereas the two cases with the A393E mutation did recur. Although this could reflect a real trend, the number of cases is too low to draw any definitive conclusions in this regard.
Distribution of the FGFR3 Mutations in Cases with and without Other Associated Tumors
Taking into account the number of different tumor types, the cases were classified as group 1 (G1) when only prostate cancer was found (n ¼ 82), and group 2 (G2) when, in addition to prostate cancer, there were other neoplasms in different organs (n ¼ 30). In G2, 18 patients had prostate and bladder tumors, 6 patients had prostate and skin tumors, 2 patients presented with prostate and colon cancer, 2 patients with prostate, bladder, and skin tumors, 1 patient had prostate and lung cancer, and 1 patient prostate, bladder, and lung cancer ( Table 1 ). The clinicopathologic features of all cases from G2 are summarized in Table 3 .
FGFR3 mutations were found in only 2 of 82 (2%) cases from G1. In contrast, FGFR3 mutations were present in 7 of 30 (23%) prostate cancer samples from G2 (Figure 2) . This difference was statistically significant (Fisher's exact test, P ¼ 0.001). All the mutated cases from G2 had prostate cancer associated with only one additional neoplasm. Moreover, analyzing different tumor combinations in G2, 3 of 18 (17%) patients with only prostate and bladder cancer harbored a FGFR3 mutation in the prostate tumor. In the subgroup with only prostate and skin tumors, three of six (50%) prostate cancer samples presented a FGFR3 mutation. Finally, one case with only prostate and colon cancer also had a FGFR3 mutation. The two cases with prostate, bladder, and skin tumors, and the case with prostate and lung cancer were wild type for FGFR3, in the analysis of exons 7 and 10 ( Figure 3) . Comparing G1 to the subset of G2 cases with only prostate and bladder cancer, the difference in FGFR3 mutation frequency (2 vs 17%) was also statistically significant (Fisher's exact Test, P ¼ 0.039). The mutational status of all G2 cases is also summarized in Table 3 .
In a subset of patients from G2, including all the cystoprostatectomy cases (n ¼ 15) and an additional case with prostate and bladder biopsies, we also studied the presence of FGFR3 mutations in the corresponding normal prostate and bladder tumors. All the normal prostate tissue samples were wild type for exons 7 and 10. Only one bladder tumor presented a S249C mutation (1 of 16; 6%), and in this case the corresponding prostate tumor and normal prostate tissue were wild type (Table 3) . More refined detection methods are increasing the number of patients that undergo radical treatment for tumors that perhaps would not progress or that would eventually progress after many years, thus resulting in increased survival and also higher morbidity rates. 38 Due to the difficulties in obtaining samples for high throughput molecular analysis from early tumors, genes that could be decisive for the transition from a latent status to an aggressive phase leading to progression are still unknown. Therefore, there are no clues to select patients for a less radical treatment or for a safe watchful waiting.
Many different genes have been investigated for their potential roles in the development and progression of prostate cancer. 39, 40 However, in the present time there are no relevant molecular markers associated with tumor progression, with the different subsets of prostate cancer or with some of the clinicopathological features of this type of tumor. There is a need to better identify patients who have a low risk of progression, to avoid overtreating them, as well as those who are likely to progress to treat them more aggressively.
FGFR3 molecular alterations seem to be restricted to a few types of human cancer. Mutations in this gene have been reported in bladder and cervix carcinoma, multiple myeloma, colon cancer and, more recently, in benign skin tumors. [25] [26] [27] [28] [29] [30] [31] [32] [33] The relatively high prevalence of FGFR3 mutations in benign skin tumors and in noninvasive bladder tumors suggests an association of FGFR3 mutation with low risk cancers. 35, 41 Although it seems that anomalous FGF signaling is involved in prostate carcinogenesis, the functional role of FGFR3 and its alterations in prostate cancer are unknown.
The purpose of this study was to investigate the prevalence of FGFR3 somatic mutations in a large group of well-defined prostate tumors classified by stage and combined Gleason score. This is the first report of the presence of FGFR3 genetic alterations in prostate cancer. The mutational analysis revealed that the FGFR3 gene is mutated in a small proportion (8%) of prostate tumors.
Nevertheless, if we grouped the cases according to the combined Gleason score, the presence of FGFR3 abnormalities was associated with less aggressive prostate tumors, as 89% of mutations (8 out of 9) were found in tumors with a combined Gleason score ¼ 6; 100% of mutations were present in tumors with Gleason score r7 and, consequently, none of the Gleason score Z8 or the metastatic tumors harbored any mutations. Comparing all cases with combined Gleason score ¼ 6 with those with combined Gleason score 46 and metastases taken together, the presence of mutations in the former was statistically significant. Thus, we can conclude that mutations of FGFR3 are associated with a subset of prostate tumors with low combined Gleason score.
Only two previous papers have analyzed the FGFR3 mutational status in prostate cancer, all of them providing negative results. 26, 34 Sibley et al 26 analyzed the mutational status of exons 7, 10, and 15 in only 10 samples, as well as in prostate cancer cell lines DU145, PC3, and LNCap. In concordance with our study, DU145 and PC3 were wild type for FGFR3. They did not find FGFR3 mutations in other tumors included in their series, such as stomach, colon, ovary, brain, and kidney cancers. In most of these subgroups, the number of samples was too low to allow any definitive conclusions on the mutational status of FGFR3. In a subsequent paper, Jang et al 33 reported the presence of FGFR3 somatic mutations in about 5% of colon tumors in a series of 40 cases.
Naimi et al 34 investigated the mutational status of the junction between the Ig domains II and III of FGFR3, which included exon 7 of the gene, in 20 prostate tumors. In this study, no mutation was detected. According to our findings, the prevalence of mutations in Gleason score r7 cases is about 11%, and most of them were Gleason score ¼ 6. In the Naimi et al study, only 14 tumors with Gleason score r7 were included, so their sample size approached the threshold for detection.
In summary, the vast majority of prostate tumors with a FGFR3 mutation were low-grade tumors. Similar to what has been reported in bladder cancer, the alterations of this gene in prostate cancer appear to be associated with the less aggressive prostatic tumors. These findings are in keeping with the previously reported conception that FGFR3 FGFR3 in prostate tumors S Hernández et al mutations are more prevalent in low-grade or benign neoplasms. 35, 41 According to the clinicopathological setting of the tumors, the prevalence of mutations in the autopsy (latent) tumors was 6% and in the biopsy samples 9%. In that sense, this gene does not seem to be selectively altered in the group of tumors found at autopsy, which theoretically would be mostly made up of low-grade, slowly growing tumors.
The review of the clinicopathological data of the patients revealed that some of them presented, in addition to the prostate cancer, other simultaneous or previous neoplasms in other sites. The other lesions identified in these patients were mostly urothelial and benign skin tumors, and there were also few cases associated with colon and lung tumors. The results of the mutational study were then compared in two subgroups: a subgroup of cases with only prostate cancer, G1, and another subgroup with prostate cancer and an additional different neoplasm, G2 (bladder, skin, colon, and lung). Comparing the FGFR3 status between these two groups, the presence of FGFR3 mutations was significantly more prevalent in G2. Of patients with prostate cancer and other tumors, 23% harbored a FGFR3 mutation compared to 2% of FGFR3 mutations in patients with prostate cancer only. When separately analyzing the different tumor combinations in G2, the prevalence of FGFR3 mutations in patients with prostate and bladder tumors was much higher (17%) than that of patients with only prostate tumors (2%). Furthermore, 50% of cases with prostate and skin tumors harbored a FGFR3 mutation in the prostate tumor. Finally, one case with prostate and colon cancer had a mutation. Therefore, it is possible to conclude that FGFR3 mutations are more prevalent in a subset of prostate tumors from patients with concurrent bladder cancer. On the other hand, although the number of cases with both prostate and skin tumors is very low in our series, the coexistence of these two neoplasms seems to be strongly related with FGFR3 mutations in the respective prostate carcinomas.
As FGFR3 is a gene involved in bladder carcinogenesis and the presence of FGFR3 mutations is also a common event in benign skin tumors, [30] [31] [32] 35, 37, 41 this association between bladder, skin, and prostate cancer could suggest a common role for FGFR3 in their pathogenesis. However, the mutational analysis of the corresponding bladder tumors and normal prostate samples in some of the patients from our study revealed the wild-type status of the gene. In fact, if the mutation did not occur in the germline, the normal tissues should not harbor it. The lack of FGFR3 mutations in the bladder tumors from the patients with FGFR3 mutated prostate tumors could indicate that the two tumors are unrelated. However, it should be noted that most of the bladder tumors investigated in the mixed tumor group belonged to a group of invasive muscle bladder cancers. It is well known that FGFR3 mutations are frequent in superficial tumors but not in muscle-invasive tumors. [27] [28] [29] 35 Thus, another possible explanation for the discrepant mutational status of FGFR3 in the bladder and prostate tumors could be that the bladder tumor had lost the mutated FGFR3 allele along its progression.
The relationship between prostate and skin tumors has not yet been previously investigated. The finding that 50% of patients with prostate and skin tumors in our series harbored FGFR3 mutations seems to indicate that this gene could be related with the pathogenesis not only of concurrent bladder and skin tumors, but also of the concurrent prostate and skin tumors. Interestingly, none of the two cases with prostate, bladder, and skin tumors harbored FGFR3 mutations.
A possible association between FGFR3 mutations and tumors in different organs has been postulated by different authors. 32, 41 The fact that a high proportion of low-grade urothelial carcinomas and benign skin tumors harbors FGFR3 mutations suggested a potential involvement of these mutations in the pathogenesis of both entities. Furthermore, some patients with epidermal nevi developed an urothelial carcinoma at an early age. Nevertheless, neither the bladder tumors nor the epidermal nevi in these previous series displayed FGFR3 mutations, and the authors suggested that other genes may be involved in the pathogenesis of both tumors in these patients or that FGFR3 mutations could involve other exons. 32, 41 Our findings in prostate cancer have lead us to speculate with an association between FGFR3 mutations and presence of tumors in different organs, specially bladder and/or benign skin tumors. This not being a germline alteration, it can be speculated that mutations could involve selectively different tissues in the same patients. In this regard, previous studies in epidermal nevi revealed that FGFR3 somatic mutations can occur in mosaicism. Skin mosaicism results when postzygotic mutations lead to the presence of two or more genetically different cell populations in the same individual. 42 It has been shown that a proportion of epidermal nevi result from activating embryonic mutations in FGFR3 and PI3K presenting with mosaicism in the skin. 32, 43, 44 In any event, similar to what has been reported for bladder and skin tumors, the association of FGFR3 alterations with prostate and skin tumors cannot be firmly established from the results of this study, and it deserves further research in larger series of patients, to elucidate the role of FGFR3 in the pathogenesis of different coexisting tumors. The cell type affected by the FGFR3 mutation as well as different involved cofactors and signaling pathways may contribute to the diverse tumoral phenotypes. 31 Another interesting finding was the identification of a FGFR3 mutation in the prostate tumor from one of the two cases with a simultaneous colon cancer. Mutations in this gene have been previously identified in colorectal cancer by Jang et al, 33 and FGFR3 in prostate tumors S Hernández et al it could be interesting to investigate the possible relationship between the two tumors in a larger cohort of patients. With regard to the type of mutation, a wide range of somatic hotspot mutations have been described in low-grade urothelial carcinomas and in SK, whereas the majority of EN display the R248C substitution. 35, 41 The most common mutation found in our series of prostate tumors was S249C, whereas A393E was present in two tumors. The S249C substitution is the most frequent mutation described in bladder cancer and the only one found to date in cervical carcinomas. A393E is a rare mutation in bladder cancer, about 1% of all reported mutations. However, it has been associated with bladder tumors classified as low malignant potential neoplasms. 25, 29, 35 In SK, the A393E substitution has been reported with a frequency of about 9% of the adenoid SK harboring FGFR3 mutations. 45 In sharp contrast with the inhibitory role of the mutated forms of the FGFR3 gene in bone growth, FGFR3 mutations have been suggested to play an oncogenic role in human tumors. 46 However, the exact mechanism by which mutated FGFR3b is involved in epithelial tumor progression is not well understood. Moreover, the suggested oncogenic role of mutated FGFR3 in different types of tumors is controversial, with a striking high prevalence of mutated benign skin tumors. In the S249C substitution, the newly created cysteine leads to the formation of bisulfite bonds between the extracellular domains of the two FGF receptors and to ligand-independent constitutive receptor activation. On the other hand, the A393E mutation increases the fraction of FGFR3 dimers resulting from dimer stabilization, measured by the change in the free energy of dimerization. 35, 47 In addition, BernardPierrot et al 46 demonstrated that FGFR3b-S249C was able to transform NIH-3T3 cells, inducing their anchorage-independent growth and tumor transformation when injected subcutaneously into nude mice, with the transforming properties classically attributed to oncogenes.
In conclusion, the results of this study suggest that although FGFR3 does not seem to be central in the pathogenesis of prostate cancer, it is associated with a subpopulation of low-grade prostate tumors, and also with a subset of prostate carcinomas found incidentally in patients with concurrent bladder cancer or skin tumors. More studies are needed to clarify whether FGFR3 alterations are useful to identity patients with a low risk of progression, and to investigate the possible relationship between FGFR3 and the presence of concurrent tumors in the same patients.
